It has not yet been demonstrated whether 2 doses of inactivated quadrivalent influenza vaccine (IIV4) prime a booster response in infants. We evaluated the anamnestic immune response to an IIV4 in children 17−48 months of age. Methods: Children were randomized to 2 doses of IIV4 or control in the primary phase III study (NCT01439360). One year later, in an open-label revaccination extension study (NCT01702454), a subset of children who received IIV4 in the primary study (primed group) received 1 IIV4 dose and children who received control in the primary study (unprimed) received 2 IIV4 doses 28 days apart. The primary objective was to evaluate hemagglutination inhibition (HI) antibody titers 7 days after first IIV4 vaccination in the per-protocol cohort (N = 224 primed; N = 209 unprimed). Neutralizing
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carine. I nfluenza has a high incidence and burden of disease in children [1] [2] [3] and vaccination is recommended by the World Health Organization. 4 Suboptimal vaccine protection may occur if there is a mismatch between the circulating virus strains and the strains contained in the vaccine. This can be a particular problem with regard to the vaccine B strains, because 2 antigenically distinct lineages of influenza B circulate worldwide, the Yamagata lineage and the Victoria lineage. Mismatch between the circulating lineage and the vaccine lineage reduces the degree of protection offered by the vaccine. [5] [6] [7] [8] Until recently, vaccination strategies used a trivalent influenza vaccine containing 2 influenza A strains (H1N1 and H3N2 subtypes) and 1 influenza B strain. Quadrivalent influenza vaccines containing B strains from both lineages offer broader protection and lessen the problem of mismatching because of B lineage. They may be particularly useful in children because, although vaccinated adults show moderate cross-reactive antibody responses against the alternative B lineage, 9 the responses of children show poor crossreactivity. 10, 11 Indeed, a meta-analysis of vaccine trials in young children found that efficacy was substantially reduced against influenza B strains of the alternative lineage to that contained in the vaccine compared with the same lineage. 8 The World Health Organization recommends that children less than 9 years of age are given 2 doses of influenza vaccine during their first season of vaccination to optimize the immune response. 4 Thereafter, children are considered to be primed and require only 1 dose of influenza vaccine per season. This strategy relies on the ability of influenza vaccine given in 2 doses to establish immune memory and subsequently drive an acceptable anamnestic response when boosted with a single dose the following year. However, published evidence on immune memory and anamnestic response elicited by inactivated quadrivalent influenza vaccine (IIV4) in children is lacking. We therefore conducted the present study to evaluate the humoral anamnestic response to a candidate IIV4 in children 17-48 months of age. This IIV4 (Fluarix Quadrivalent) is licensed in the United States and Europe for use in adults and children from 6 months of age. The primary objective of the study was to assess the anamnestic immune response to the IIV4 in terms of hemagglutination inhibition (HI) antibody titer in children 17-48 months of age.
MATERIALS AND METHODS
The trial was sponsored by GlaxoSmithKline Biologicals SA and approved by independent ethics committees and/or institutional review boards, conducted in accordance with the Declaration of Helsinki, the International Conference on Harmonisation Good Clinical Practice guidelines, and all applicable regulatory requirements. Parents provided written informed consent before participation of their child. The trial was registered with clinicaltrials.gov: NCT01702454.
Study Design and Participants
The present revaccination study was an extension of the first seasonal cohort (northern hemisphere influenza season 2011-2012) of a primary phase III study 12 designed to evaluate the efficacy of the candidate IIV4, in which healthy children (6-35 months of age) were randomized 1:1 to receive IIV4 or noninfluenza control vaccine (NCT01439360) (Text, Supplemental Digital Content 1, http:// links.lww.com/INF/D312).
The revaccination study (2012-2013 season) enrolled a convenience sample of children who had received 2 doses of study vaccine (IIV4 or control) in the primary study during the previous year. Children were 17-48 months of age at enrollment into the revaccination study (stratified into 17-29 and 30-48 months). Because more children in the older age group (30−48 months) participated in the first cohort of the primary study, to ensure an adequate balance between age groups, parents of children in the younger group (17−29 months) were contacted first to invite their children to participate in the revaccination study. Parents of older children were contacted in a second wave. All parents were contacted in the same order as the randomization list of the primary study.
In the open-label revaccination study, children retained their randomly allocated treatment group from the primary study. Children who were randomly allocated to the IIV4 group in the primary study and had received 2 IIV4 doses were given 1 dose of IIV4 (the primed group); children who were randomly allocated to the control vaccine group in the primary study and had received 2 doses of the control vaccine were given 2 doses of IIV4 28 days apart (the unprimed group). The IIV4 used in the primary study and in the revaccination study was administered intramuscularly in a 0.5 mL dose. Thirty-three centers in the Czech Republic, Poland, Spain and the United Kingdom participated in the study.
The IIV4 (Fluarix Quadrivalent, GSK, Dresden, Germany) was prepared from influenza viruses propagated in embryonated chicken eggs. Each of the 4 viruses was purified by zonal centrifugation using a linear sucrose density gradient solution containing detergent to split the virions, further purified by diafiltration and inactivated by the consecutive effects of sodium deoxycholate and formaldehyde 
Study Endpoints Immunogenicity
Blood samples were taken before and at day 7 after administration of the first IIV4 dose in the revaccination study [the first dose of IIV4 ever for unprimed children and the third dose for primed children (after an interval of approximately 1 year)]. Immunogenicity was evaluated at day 7 because an anamnestic response is characterized by an early and sharp rise in antibody titers. All samples were tested by HI assay and a random subset was tested by microneutralization (MN) assay and neuraminidase inhibition The following parameters were derived from HI titers: (1) geometric mean titer (GMT); (2) seropositivity rate; (3) seroconversion rate (SCR); (4) seroprotection rate (SPR); (5) mean geometric increase (MGI). The seropositivity rate was defined as the percentage of children with HI titer equal to or above the assay cut-off value. The SCR was defined as the percentage of children with either (1) prevaccination titer <1:10 and a postvaccination titer ≥1:40 or (2) prevaccination titer ≥1:10 and a minimum 4-fold increase in postvaccination titer. Although there is no accepted criterion for seroprotection in children, the SPR was defined as the percentage of children with HI titer ≥1:40 that is usually accepted as indicating protection in 50% of adult vaccinees. 13 The MGI was defined as the fold increase in HI GMTs postvaccination compared with prevaccination. The GMT and MGI were also calculated for neutralizing and antineuraminidase antibody titers.
Safety
Parents recorded solicited injection site reactions (pain, redness and swelling) and solicited systemic reactions (drowsiness, fever, irritability/fussiness, loss of appetite) in a diary card every day up to day 7 after the first vaccination. They recorded other adverse events (spontaneously reported AEs) up to day 28 after the first vaccination. Medically attended AEs and serious AEs were reported throughout the study until the final telephone contact at approximately day 180.
Statistics
The study was planned to enroll a sufficient number of children to assess the relative immune response of the vaccine-primed participants versus vaccine-unprimed participants, with at least 80% power in terms of HI GMT ratio (primed/unprimed). Assuming a standard deviation of 0.8 for HI titer in logarithm base 10 for both primed and unprimed groups, and assuming that all 4 strains in the revaccination vaccine were homologous to those in the primary study vaccine, a total of 184 evaluable subjects for each group gave a global power of at least 80% to detect a difference in terms of GMT ratio (ie, GMT ratio = 1 under null hypothesis) at day 7 at the 2.5% significance level, by assuming the observed difference is 2-fold (by PASS 2005, 1-sided 2-sample t test for a difference of means, 1-sided α = 2.5%).
The objectives were to evaluate after 1 dose of IIV4 at day 7: (1) GMTs, SCRs, SPRs and MGIs in terms of HI titers; (2) priming effect via the GMT ratios of influenza vaccine-primed versus unprimed children and the difference in SCR and SPR between primed and unprimed children (based on HI titers); (3) GMTs and MGIs in terms of neutralizing and antineuraminidase antibody titers.
A seronegative participant was defined as having an antibody titer below the assay cut-off value; a seropositive participant was defined as having a titer greater than or equal to the assay cutoff value (Text, Supplemental Digital Content 2, http://links.lww. com/INF/D313). GMT calculations were performed by taking the antilog of the log titer transformations. Antibody titers below the assay cut-off value were given an arbitrary value of half the cut-off value for the GMT calculation.
The Clopper-Pearson exact 95% confidence interval (CI) for a proportion within a group was calculated.
14 The 95% CI for the mean of log-transformed titer was first obtained assuming that logtransformed values were normally distributed with unknown variance. The 95% CI for the GMTs was then obtained by exponential transformation of the 95% CI for the mean of log-transformed titer. The group GMT ratio was obtained using an Analysis of covariance model on the logarithm-transformed titers that included the vaccine group as fixed effect and age as a regressor. The GMT ratio and its 95% CI were derived as exponential transformation of the corresponding group contrast in the model. The standardized asymptotic 95% CI for the group difference in proportion was based on Method 6 as described by Newcombe. 15 The primary immunogenicity analysis was based on the perprotocol cohort which included all children who met the eligibility criteria, complied with the procedures and vaccination intervals specified, did not receive a product or have a medical condition leading to elimination from the per-protocol cohort and who had data available for immunogenicity endpoints against at least 1 vaccine strain. An exploratory immunogenicity analysis was performed excluding children who had experienced a reverse transcription polymerase chain reaction (RT-PCR)-confirmed influenza infection in the primary study the year before. The safety analysis was based on the total vaccinated cohort which included all children who received at least 1 vaccine dose.
RESULTS
The parents of 665 children of 1777 children from the first seasonal cohort of the primary study were contacted regarding participation in the revaccination study, of whom the parents of 473 children agreed and 192 declined. Three children were allocated to a study group but were not vaccinated. Enrollment took place between October and November 2012, and the last visit took place in June 2013.
The total vaccinated cohort included 470 (241 primed and 229 unprimed) children; the per-protocol cohort included 433 (224 primed and 209 unprimed) children (Fig. 1) . Three primed and 8 unprimed children did not complete the study (Fig. 1) . In the primed group, the mean age was 33.2 months, 47.3% were female and 97.9% were Caucasian (total vaccinated cohort). Corresponding values in the unprimed group were 32.5 months, 41.9% female and 97.8% Caucasian. Demographics were considered to be representative of the original study cohort enrolled 1 year earlier. A total of 183 and 250 children were included in the 17-29 and 30-48 months age strata, respectively, in the perprotocol cohort.
The exploratory immunogenicity analysis excluding children who experienced an RT-PCR-confirmed influenza infection in the primary study comprised 392 children; 11 children were excluded from the primed group (who had received 2 doses of IIV4 in the primary study) and 30 children were excluded from the unprimed group (who had received 2 doses of the control vaccine in the primary study). In the primed group, all 11 children had experienced an infection with influenza A/H3N2; in the unprimed group, 1 child had an infection with influenza A/H1N1, 27 children with A/H3N2, 1 child with B/Yamagata and 1 child with an unknown subtype or lineage.
Immunogenicity in the Per-protocol Cohort

HI Antibody Titers
More primed than unprimed children were seropositive to a vaccine strain before vaccination in the revaccination study (Table, Supplemental Digital Content 3, http://links.lww.com/INF/D314), and prevaccination antibody titers were higher in primed than unprimed children except for A/H3N2 (Fig. 2) .
The primed group mounted an anamnestic response that was detected 7 days after the booster dose of IIV4, with a rise in GMTs for strains that were unchanged from the 2011-2012 season (A/H1N1 and B/Victoria) and strains that had changed compared with the 2011-2012 season (A/H3N2 and B/Yamagata) (Fig. 2) . It was observed that the lower limit of the 95% CI of the GMT ratio (primed/unprimed) was above 1 for each vaccine strain (Fig. 2) . The between-group difference in the anamnestic response was also observed in the SCR difference (primed minus unprimed), with the lower limit of the 95% CIs being above zero for all vaccine strains (Fig. 2) , and in the SPR difference ( GMT prevaccination and 7 days after first vaccination, GMT ratio and SCR difference for HI antibodies in the revaccination study (per-protocol cohort). 1 GMT ratio adjusted for age (primed/unprimed); 2 difference in SCR (primed minus unprimed). Dotted line represents the assay cut-off (10 1/dil). GMT values are shown above the bars. Post indicates 7 days following vaccination; Pre, prevaccination. CI indicate 95% confidence interval; GMT, geometric mean titer; HI, hemagglutination inhibition; SCR, seroconversion rate. 
Exploratory Immunogenicity Analysis Excluding Children With RT-PCR-Confirmed Influenza Infection in the Primary Study
In the analysis excluding children with a RT-PCR-confirmed influenza infection in the primary study, primed children mounted a similar anamnestic response to those in the overall perprotocol cohort. GMTs for HI antibodies were similar to the overall per-protocol cohort in both primed and unprimed children ( Figure 
Safety
Safety outcomes are shown in Table 1 . More children in the primed group experienced injection site AEs compared with the unprimed group. Fever (temperature ≥37.5°C by any route) during the 7 days postvaccination period was observed more often in unprimed (11.6%) than primed (5.5%) children. A febrile convulsion was reported for a primed child 100 days after vaccination and was not considered to be causally related to the study vaccine by the investigator. The frequency of spontaneously reported safety endpoints was similar between groups. No serious AEs related to vaccination occurred during the study and there were no deaths.
DISCUSSION
This is the first randomized study in children 17−48 months of age to demonstrate an anamnestic immune response to a booster dose of IIV4 in terms of HI, neutralizing and antineuraminidase antibodies. The immune response 7 days after the booster dose was higher than the immune response after the first dose in influenza vaccine naïve children. An anamnestic immune response was observed in both age strata, with little or no difference between children 17-29 and 30-48 months of age.
Immunogenicity of IIV4 has now been widely evaluated in children. 12, [16] [17] [18] [19] [20] [21] [22] Compared with inactivated trivalent influenza vaccine (IIV3), studies show that IIV4 produces a similar immune response to the common vaccine strains and a superior response to the B lineage not contained in the IIV3. In these previous studies, following a full vaccination course of IIV4, SCRs varied between 74% and 92% for A/H1N1, 70% and 88% for A/H3N2, 65% and 85% for B/Victoria and 66% and 94% for B/Yamagata in children from 6 months to 17 years of age. [16] [17] [18] [19] [20] [21] SCRs in the present study were consistent with these previous studies, with values of 77%, 81%, 77% and 94% observed for A/H1N1, A/H3N2, B/Victoria and B/Yamagata, respectively, in the primed group. Efficacy of the IIV4 in the prevention of mild and moderate-to-severe influenza in children has also been shown. 12, 22 Most primed children were seropositive to a vaccine strain before first vaccination, and prevaccination titers were higher in primed than unprimed children, except for influenza A/H3N2. The high prevaccination seropositivity and antibody titers in the primed group reflect the persistence of the immune response to the vaccine given during the previous season in the primary study. It is unclear why no difference between primed and unprimed children in prevaccination titers against A/H3N2 was observed in both analyses including and excluding children with a previous influenza illness. Deaths 0 0 *The parents of 239 and 238 children in the primed group were compliant in returning the symptom sheets for the solicited injection site and systemic adverse events, respectively. In the unprimed group, the corresponding numbers were 228 and 224, respectively. The number and percentage of children with solicited adverse event is calculated based on these values. †Grade 3 events were defined as follows: pain: child cried when the limb was moved or the limb was spontaneously painful; redness and swelling: >50 mm surface diameter; drowsiness and irritability/fussiness: prevented normal activity; loss of appetite: did not eat at all; fever: >39°C; spontaneously reported: prevented normal activity.
‡Primed children: cough and rhinorrhea (reported in the same child), vomiting, headache, sleep terror and rash; unprimed children: cough and wheezing (reported in the same child), nasopharyngitis and upper respiratory tract infection.
§Serious adverse events were defined as any untoward medical occurrence that results in death, is life-threatening, requires hospitalization or prolongs hospitalization, or results in disability or incapacity.
¶Hospitalization, emergency room visit, physician/nurse practitioner/healthcare worker visit. 23 Despite the update, there was an anamnestic response to the A/H3N2 and B/Yamagata strains, indicating that the prior year's strains induced a priming response. This is a relevant observation because the vaccine strains in the seasonal vaccine change frequently and therefore booster influenza vaccination must be able to drive an effective anamnestic response to newly introduced vaccine strains or even newly emerging drifted strains not present in the vaccine. Two previous studies of IIV3 in children 6-23 months of age showed an anamnestic immune response after priming with heterologous vaccine strains, although the response was lower compared with priming with homologous strains. 10, 24 The demonstration of immunogenicity in terms of both HI and antineuraminidase antibodies is important, as it confirms the functional breadth of the immune response to surface proteins of the vaccine. Antineuraminidase antibody has been shown to be an independent predictor of immunity to naturally occurring influenza. 25 Overall, the immune response followed the same pattern with the 3 different assays (HI, MN and NI). The booster response appeared to be particularly high for A/H1N1 with the MN assay (reaching titers of 1500). Although the HI and NI assays measure the functional immune response toward the surface proteins of the vaccine, the MN assay may detect a broader range of neutralizing antibodies. 26 Excluding children with RT-PCR-confirmed influenza infection in the primary study had no significant impact on the analysis of the immune response in either primed or unprimed children. As expected, more children in the unprimed group, who did not receive influenza vaccination in the primary study, experienced an influenza illness than the primed group (30 vs. 11 children, respectively). Influenza A/H3N2 was by far the most commonly detected virus in children with influenza illness with all 11 children in the primed group and 27 of 30 children in the unprimed group experiencing influenza associated with this virus. Prior exposure to infection and natural antibody production in the unprimed group would be expected to mask differences between the primed and unprimed groups. Excluding children with a previous illness may therefore be expected to increase the difference between the primed and unprimed groups. This was indeed observed for A/H3N2, for which the GMT ratio increased from 2.7 in the analysis of all children to 4.2 in the analysis excluding children with a previous illness.
The IIV4 used in the study was given at a dose of 15 µg per antigen (0.5 mL volume), rather than the lower dose of 7.5 µg per antigen (0.25 mL volume) traditionally used in young children. The lower dose was introduced in young children during the 1970s as a response to the high reactogenicity experienced by this age group to the whole virus vaccines available at the time. 27 However, young children mount a variable immune response to the 7.5 µg dose, 10 and current split virus vaccines are much better tolerated than whole virus vaccines. 28 Use of a 15 µg dose has been shown to improve the immune response in young children compared with the 7.5 µg dose. 20, 21 The 15 µg dose was shown to be well tolerated in the present study, with a safety profile in line with other studies; the higher antigen content of the IIV4 resulting from the additional B lineage antigen and the 15 µg dose does not appear to adversely affect tolerability in children, including the very young. 12, [16] [17] [18] [19] [20] [21] [22] Our study had some limitations. First, the traditional measure of immunogenicity according to European and US licensure criteria is the immune response determined on blood samples collected 1 month after vaccination. Here, we chose to evaluate immunogenicity 1 week after vaccination to measure the anamnestic response which is characterized by an early and sharp rise in antibody titers. To limit the number of blood samples drawn in these young children, no immunogenicity analysis was planned at 1 month. Second, although participants were randomized at baseline of the primary study to IIV4 or control vaccine, a convenience sample was enrolled in the revaccination study, with no randomization of the primed and unprimed groups. A relatively small number of children from the first of the 5 seasonal cohorts of the primary study participated in the revaccination study. Third, children who participated in the revaccination study may or may not have been part of the immunogenicity subset of the primary study, as this comprised a convenience sample consisting of approximately 250 children out of a total of approximately 1800 enrolled.
In conclusion, the present study has shown that the IIV4 induces anamnestic immune responses in IIV4-primed children to the 2 major surface proteins of the influenza virus that are important for protection against infection, for strains that are antigenically like the vaccine strains administered in the previous year and for drift variants. The findings indicate the capacity of an annual booster of IIV4 to enhance immunity after primary vaccination of infants and toddlers, with an acceptable safety profile. These data support extending to IIV4 the current use of a 2-dose IIV series followed by 1 dose in subsequent years in very young vaccine-naïve children who are at increased risk of poor outcomes associated with influenza.
